The liquid crystal alignment imposed during the fabrication process of one-dimensional transmission gratings, holographically formed in a polymer dispersed liquid crystal, is determined by linear optical birefringence as well as rotational second harmonic generation. For a mixture consisting of nematic liquid crystal E7, a pentafunctional acrylate monomer, and a photoinitiator, the director orientation inside the liquid-crystal-rich layer is found to be approximately along the grating direction. We suggest that this molecular orientation is the consequence of the strong flow during the grating formation.
I. INTRODUCTION
Holographic polymer dispersed liquid crystals (HP-DLCs) have been known for more than ten years and have 1 2 many potential applications in the field of electro-optics ' due to the electrically switchable large optical birefringence An = neno of the liquid crystal (LC) part. A H PD LC is a stratified composite structure made of alternating LC-rich and polymer-rich planes. The morphology of this periodic structure can strongly vary depending on the materials used, the L C fraction in the initial mixture, and the exposure conditions.3-5 Since the electro-optical properties depend strongly on the grating morphology, many fundamental stud ies have been performed on structure characterization1,6-8 and, in particular, for the situation when the LC layer appears in the form of droplets surrounded by polymer chains.9-11
Depending on the orientation of the L C molecules, a H PD LC can appear either as a medium with a periodically modulated refractive index or as an optically isotropic one (if the refrac tive index of the nematic matches that of the polymer).
Hence, the ability to manipulate the LC orientation allows to gain control of light propagation. Besides, the performance of any L C electro-optical device depends critically on the L C alignment on the polymer surface, which is determined by the LC-polymer interface. Therefore, a challenge for manu facturing HPDLCs for practical applications is to be able to control the L C orientation in a predetermined way. method for a more precise determination of the L C orienta tion inside the LC-rich layer. In addition, the birefringence results appear to be consistent with two different (mutually perpendicular) orientations of the L C molecules. The actual orientation could be determined by SH G. The high surface sensitivity of S H G originates from the fact that in the electric dipole approximation, second order optical processes are for bidden in the bulk of media with inversion symmetry. From the combined linear and nonlinear optical results we found that the molecules inside the LC-rich layers are aligned. This alignment is introduced during the fabrication process, and the director orientation is slightly tilted with respect to the grating direction. We suggest that the mechanism responsible for the observed molecular orientation is a strong flow align ment in the cell during the phase separation process.
II. EXPERIMENTAL SECTION
The sample was a mixture of 33 wt % of the nematic L C E7 (Merck, TN-I =58 °C , [ne, no] dye rose bengal (RB). The combination of the green sensitive photoinitiator RB and the coinitiator N P G generates free radicals that lead to free-radical addition polymerization. The cross-linking monomer N V P acts as a chain terminator and helps the L C to dissolve in the monomer. Further, the m ix ture of all the above chemicals was homogenized by ultrasonification in the dark for approximately 2 h, so a viscous solution appeared. The solution prepared was placed inside standard L C cells, with thicknesses of 12 and 6 fim , respec tively. W hen this homogeneous mixture is exposed to a pe riodically modulated light pattern, created by two coherent laser beams, a phase separation reaction takes place and a periodical structure with a period of the interference pattern forms. For the interference pattern we used the doubled out put of a neodymium-doped yttrium lithium fluoride (Nd-Y LF) laser at 532 nm. The laser intensity per beam was 50 m W / cm2, and the sample was exposed to this intensity for approximately 30 s, corresponding to a total energy den sity of 3 J / cm2. The two incident laser beams crossed at an angle of about 24°.
In order to investigate the L C alignment inside the HP-D L C structure, we used linear optical birefringence and non linear optical SHG. The birefringence measurements were performed using a He-Ne laser by rotating the sample placed between crossed polarizers and by measuring the intensity of light reaching the detector. The characterization setup to gether with the initial grating orientation is shown in Fig.   1(a) .
The nonlinear response in our gratings was generated by 
III. RESULTS AND DISCUSSION
Upon exposing the samples to monochromatic laser ra diation, a clear and strong diffraction pattern was observed.
From the diffraction pattern we estimated the period of the H PD LC transmission grating to be 1.34 i m . Our gratings are electrically switchable; the application of an external electric field with an amplitude of 16 V / ¡vm for the 6 fim film along the light propagation direction leads to a drop in the detected intensity of about 25%, as shown in Fig. 1(b) . Yet, there are at least two possible orientations that can result in the observed birefringence symmetry. These are when the long molecular axis is oriented either parallel or perpendicu lar to the grating vector.
In order to resolve this ambiguity we used the nonlinear optical technique of SHG. Figure 2(b) depicts the SH G re sponse as a function of rotation angle for the film thicknesses of 12 and 6 ¡vm, respectively. A strong anisotropy of the signal is evident.
Upon irradiation of a medium with a strong optical field (with electric field component E) such as those available in pulsed lasers, a nonlinear polarization P is induced in the medium, which in the electric dipole approximation can be written as
where ^(2) denotes the second order susceptibility tensor of the medium. It follows directly from Eq. (1) that a second order polarization is forbidden in a medium with inversion symmetry. O nly at surfaces and interfaces where the inver sion symmetry is broken is the generation of a second-order polarization possible, which determines the interface speci (2)
Here T(fì) is the transformation matrix between the molecu lar ( l ' , m ', n ' = 1 ,2 ,3 ) and the laboratory frame ( l , m , n = x ,y , z) expressed in terms of Euler angles = ( © ,$ ) . Due to the highly asymmetric rodlike shape of nematic L C m ol ecules, ß is mainly associated with the perturbation of the electronic density along the long molecular axis ê3. Hence, in the first approximation, only the component of the molecular hyperpolarizability in this direction, ß 333, has to be taken into account when the SH G signal from a L C layer is analyzed.16 This significantly simplifies Eq.
(2) and reduces it tô
where $ is the polar angle between e3 and the polymer in terface normal. Therefore, the measured S H G response d i rectly reflects the preferential orientation of the LC molecules.17,18 Given these results, it may be concluded that the most probable orientation of the LC director is an angle of about 8° (± 3°) with respect to the polymer layer bound ary, as shown in Fig. 3 . The polarization state of two linearly polarized beams used in the grating formation did not influ ence this orientation. We think that the flow of the LC m ol ecules along the direction of the grating during the phase separation process mainly causes the observed perpendicular alignment. In order to explain the deviation from a perfect perpendicular orientation with respect to the polymer walls, additional studies have to be performed.
Finally, we checked the diffraction efficiency of all the prepared gratings with linearly polarized light. For light po larized perpendicular to the stratified layers (p polarization), drops by a factor of 10. Thus, in the first case light propa gating through the LC layer feels the extraordinary refractive index nê, which differs from the polymer one np, which causes the formation of a phase grating. In the second case the incident light sees the ordinary refractive index no, and because no ~ np the diffraction efficiency decreases. The lower efficiency for s polarized light was also reported by other researchers.9 Consequently, the structure provides a switchable grating with a contrast ratio of 10. Unfortunately, the present structure requires rather high voltages and dis plays a slow response time (on the order of seconds), but this can potentially be improved.
IV. CONCLUSIONS
In conclusion, we have shown that linear optical bire fringence together with nonlinear optical SH G provides complementary information about L C molecular ordering in H PD LC structures. W hile the first provides information about the bulk properties of the material, the second one, being a higher order response, is more directly connected to the L C molecular ordering at the polymer surfaces in this multilayer system. Using these two methods we found that a L C alignment inside H PD LC films was imposed during the fabrication process, and the director orientation inside the LC-rich layer was approximately along the grating vector. A strong flow alignment is suggested as a mechanism respon sible for the molecular orientation observed.
